Background: studies are needed which consider CNS-controlled strategies for accommodating perturbed bipedal (Bp) posture and walking. Objective: to demonstrate the suitability of the Japanese monkey, Macaca fuscata, for the above purpose. Setting and subjects: three adult monkeys were operantly trained to use Bp-walking on a moving treadmill belt. On one side of the belt, a rectangular adjustable-height obstacle confronted the ipsilateral leg every 4-6 steps, as determined by belt speed. Methods: animal posture and walking patterns were captured and digitized by two high-speed video systems. Frame-byframe analyses of side-and back-view kinematics were obtained. Results: the monkeys learned quickly to proactively clear the in-coming obstacles by use of a flexible hip-knee-ankle flexion strategy. This featured an appropriate postural adjustment and leg trajectory. In cases where a monkey failed to clear the obstacle, it promptly adopted a defensive posture to avoid falling. There was then a quick return to a posture that allowed the resumption of a Bp gait. Conclusions: when Bp posture and gait are perturbed in a non-human primate model, the prompt adjustment of a flexible hip-knee-ankle flexion strategy and a defensive postural adjustment act together to prevent a fall and enable the speedy resumption of normal Bp posture and gait.
Introduction
For the past 40 years, we have studied the CNS control of quadrupedal locomotion and its accompanying postures [1] [2] [3] . To advance this area of studies into the control of upright posture and bipedal (Bp) walking, we recently developed a nonhuman, primate model-the juvenile Japanese monkey Macaca fuscata. Operant conditioning was used to show that this genetically quadrupedal animal could acquire the novel capability of walking bipedally with a near upright posture on the surface of a moving treadmill belt [4] [5] [6] . Using this animal model, we first studied body-leg kinematics, focusing on the extent to which they resembled analogous movements in humans [5, 7] . Next, we examined how M. fuscata avoided an obstacle placed on the moving treadmill belt. When the animal failed to clear the obstacle, we noted how it prevented stumbling and falling [8, 9] .
Bp walking characteristics
During long-term (∼600-d) operant conditioning on the surface of a moving treadmill belt (walking length: 150 cm; width: 60 cm), together with CNS maturation and the physical growth of multiple somatomotor segments, juvenile male M. fuscata (n = 3) gradually refined functional coupling between neighbouring joints in the left and right legs, such as to exhibit robust Bp walking (for details, see [6] ). When fully trained, all three animals walked bipedally with a near upright posture. Each monkey could then control the stance (ST) and swing (SW) phases of the step cycle such that the step frequency and trajectory were appropriate for changes in treadmill belt speed and grade [9] . The monkey's overall body-leg kinematics resembled many aspects of those observed in humans when undertaking similar locomotion [10] [11] [12] [13] . Foot movements such as heel strike in a single step were not quite the same, however [14] . Nonetheless, there was sufficient similarity to suggest that, like humans, M. fuscata employed higher CNS mechanisms for the above tasks. To test this idea, a positron emission tomography (PET) study is underway. It involves measurement of cerebral glucose metabolism after epochs of Bp walking on the surface of a moving treadmill belt. This study is providing the opportunity to explore how each of the activated brain regions contributes to the control of upright posture and Bp walking, including reactive and anticipatory movements. To this point, we have found that neuronal activity in the primary motor cortex (M1), supplementary motor area (SMA), premotor cortex (PM) and cerebellum increased considerably during Bp walking, just as it occurs in humans [15] . This work has clearly implicated parallel and distributed CNS multisynaptic neuronal networks in the locomotor control system. Some of the activation patterns may reflect plastic changes in neural circuitry related to long-term locomotor learning and 'locomotor memory', including the past experience of obstacles [9] . The precise functional role played by each such activated brain region is, however, yet to be determined.
Reactive and anticipatory adjustments
During everyday Bp walking, the feet of a human often collide with unexpected obstacles, thereby requiring compensatory postural and gait adjustments to prevent stumbling and falling, and reestablish smooth walking. Such adjustments occur in a proactive way during all phases of the step cycle [16, 17] . The mechanisms involved in these adjustments have been studied experimentally by having human subjects walk on an obstacle-attached pathway [17] [18] [19] or on a moving treadmill belt that is accelerated and/or decelerated [20] . The results of such studies showed that to avoid stumbling and falling, humans make specific modifications in body-leg kinematics and the supporting body posture, using both reactive and anticipatory postural and locomotor adjustments. Vestibular, proprioceptive and exteroceptive sensory input are the critical factors for reactive adjustments [20, 21] whereas 'locomotor memory' and 'locomotor learning', both based on visuo-motor coordination, are the critical factors for anticipatory adjustments [9, 17, 22] .
To explore analogous tasks and mechanisms in M. fuscata, we trained the adult animals (n = 3) to step over an adjustable-height rectangular white block (width, 25 cm; length, 5 cm; height, 2.4, 5.0 and 7.0 cm) that was placed on the left side of a treadmill belt [9] . The obstacle was arranged to confront the left leg every 4-6 steps, depending on the belt speed. The monkey could be motivated to walk continuously during a single trial of ∼3-5 min, thereby encountering the obstacle ∼40-70 times/trial. Successive trials involved the use of different combinations of treadmill belt speed (0.7-1.3 m/s) and obstacle height.
During initial trials, the monkey often stumbled when the foot of the trailing left leg either stepped on the obstacle's top (horizontal) surface or slipped up the initially encountered (vertical) surface. After several sequential trials, the number of stumbles in a single trial was reduced considerably, i.e. the monkey learned to clear the obstacle at various walking speeds, by use of what in humans has been termed a 'hip-knee flexion strategy' [16, 17] . This involved the monkey increasing the extent of flexion of the trailing leg's hip and knee joint while simultaneously the leading right leg alone supported the centre of body mass, and thereby maintained equilibrium. When the obstacle's height was raised, there was a corresponding increase in hip-knee joint flexion of the trailing leg such as to produce a clearance space above the obstacle. This, too, has been observed in humans [17] .
In the control (unobstructed) Bp walking state, the monkey flexed moderately the hip and knee joints at the mid-SW phase of the trailing left leg, when the centre of body mass was supported by the leading right leg alone ( Figure 1A ). In the obstructed Bp walking state, however, the extent of hip and knee flexion of the monkey's trailing leg was more pronounced. In addition, there was a slight ankle dorsiflexion even when the incoming obstacle was still out of sight ( Figure 1B ). This effect was exaggerated even further during successful clearance of the obstacle, together with a further dorsiflexion of the ankle joint along with almost straight knee joint of the right leg at mid-stance ( Figure 1C ) as in humans [14] . Taken together, these findings suggest that the monkey anticipated incoming obstacles by use of 'locomotor memory' and recruited in advance an 'obstacle clearance strategy' to avoid foot-obstacle contacts.
Compensatory adjustments
When the trailing foot failed to clear the obstacle, stumbling occurred routinely. Such stumbling usually involved either stepping on or slipping up the obstacle during the late-SW phase of the trailing left leg. Figure 2 shows the pronounced postural perturbation associated with slipping up the obstacle. Immediately after foot-obstacle contact, the monkey slightly moved its body axis backward (Frame 2), followed immediately by a rapid and pronounced (∼40°) forward movement of the body axis (Frame 3). Subsequently, the animal shortened the SW period of the leading leg, flexed the left and right leg joints to lower the centre of body mass to the treadmill belt, extended its left (and/or right) forelimb forward and/or downward and extended its leg joints to raise the lowered body mass to the pre-perturbed position (Frame 6). The first three of the above compensatory reactions of multiple motor segments served to stabilise the perturbed posture [9] .
When the monkey stepped on the obstacle, it immediately initiated a new SW phase of the trailing leg to remove it from the top surface of the obstacle. In such instances, landing of the leading right foot on the treadmill belt always preceded the beginning of the trailing leg's SW phase. Alternatively, if the trailing leg's foot slipped up the obstacle, the animal initiated a new SW phase from the belt surface. To clear the obstacle, the monkey adjusted the trajectory of the trailing leg with the toes fully flexed. The above reactive compensations for the perturbed posture finally made it possible for the animal to restore its entire body configuration (i.e. the position of the head, body and leg segments) to the pre-perturbed pattern and to walk safely and smoothly without discontinuity.
Strikingly, the correction of head position always occurred first, followed by that of the body axis. Restoration of head position in space (via otolith and neck sensory input) is a critical determinant for recruiting reactive responses of multiple motor segments. These include the vestibulo-colic reflex, and placing and hopping reactions [9, 23] .
Sometimes, the nature and extent of such reactive compensations were not sufficient to restore the perturbed posture to its pre-perturbed configuration. In such instances, the monkey prevented falling by touching the moving treadmill belt surface with its extended left and right forelimbs and converting its walking pattern from a bipedal to a quadrupedal gait.
The above findings are all in keeping with the incessant reception and transformation of salient visual, vestibular, proprioceptive and exteroceptive sensory information into output (command) motor signals by the monkey's CNS.
The latter accomplish an integration of multiple somatomotor segments, these being essential for successful accommodation of the obstacle.
Potential neural control mechanisms
To accommodate walking patterns to a constantly changing environment, all animals need a well-developed perceptual capacity, particularly via the visual system [19] .
Step-by-step 'voluntary' control of Bp walking in primates is presumably established by descending signals originating in the cerebral cortex [24] [25] [26] . In this structure, two groups of neurons seem of particular importance: the cells of origin of the corticospinal (pyramidal) tract and those of the cortico-reticulospinal tract. The most relevant of the former cells are those located primarily in M1. They have particularly strong connections with motoneurons innervating distal muscles of the contralateral limbs. The cortico-reticulospinal tract arises from SMA and PM together with some corticospinal tract. The former tract descends bilaterally to the brainstem, where it connects with large-sized reticulospinal cells in the medial ponto-medullary reticular formation. Collaterals of corticospinal axons also innervate these reticulospinal cells. The reticulospinal tract descends bilaterally to the spinal cord, where it is primarily concerned with motor adjustments of the axial muscles [26] . The signals arising from the corticospinal tract and cortico-reticulospinal tract control, in concert, motoneurons innervating axial and proximal and distal muscles of multiple somatomotor segments. These two tracts thereby play a critical role in the control and coordination of individual segmental movements [26] .
To study experimentally the cerebral control of Bp walking in M. fuscata, we first used intra-cortical microstimulation to identify trunk and leg sites within M1 and SMA. Then, we focally microinjected muscimol (a GABAa agonist) into each site to reversibly inactivate its operation. During Bp walking, ipsilateral muscimol injection into the ankle area of M1 resulted inevitably in a drop-foot-like impairment in the contralateral leg. Cyclic flexion and extension movements of the hip and knee joints were well preserved, but during each step, the monkey could no longer sufficiently flex and extend its ankle joint. As a result, it dragged the impaired leg, with the dorsum of the foot contacting the surface of the treadmill belt. Also, when the monkey encountered the incoming obstacle, the trailing left leg could no longer achieve enough clearance space above the obstacle, such that the dorsum of the foot kept bumping the obstacle. As a result, the monkey's body axis moved excessively forward and it was no longer able to bring the body axis back to its pre-perturbed position. Interestingly, however, no impairments of upright posture were observed during motionless standing. Rather, this still state featured appropriate antigravity support of the body and maintenance of equilibrium.
In contrast to the above effects of ipsilateral M1 inactivation, bilateral muscimol injection into the trunk-leg control area of SMA resulted in a considerable reduction of bilateral muscle tone in both the trunk and legs. The monkey's capability to appropriately orientate its posture was impaired. This forced the animal to continually change its feet positions in order to maintain an appropriate degree of equilibrium and thereby prevent falling. Also impaired was the monkey's capability of generating adequate propulsive force. The extent of this deficit depended on the extent of reduced muscle tone: i.e., the larger the reduction in muscle tone, the greater the postural and gait disturbances. Also, the monkey was unable to walk in a straight line, and it threw the head backwards in order to compensate for its impaired posture.
The above results demonstrate that the cerebral cortex is indeed involved in the elaboration and control of Bp walking, with M1 contributing to a step-by-step fine control of leg movements via the corticospinal tract, and SMA helping ensure appropriate associated postural ('framework') activity and sufficient power in the monkey's leg movements via corticospinal and cortico-reticulospinal tracts.
Summary and conclusions
Although simple in appearance, Bp walking is a complex motor behaviour that requires coordinated control of the nervous, muscular, skeletal, circulatory and respiratory systems [27] . The integration of posture and movements of multiple somatomotor segments is, of course, a key determinant for successful locomotion [1] . It has been proposed that one of the relevant functions of posture is the interface between perception and action, i.e. controlling the relationship between the external world and the body [23] . Abnormal operation of this interface results in poor balance and a lack of prompt correction of a perturbed posture, these being major factors contributing to a fall or stumble [28, 29] .
In the elderly, the cause of gait instability is obviously multi-factorial [27] . In recent years, societal concerns about falls and gait instability have increased considerably along with the relative increase in the aged population. Systematic assessment of the underlying causes, functional consequences and possibilities for future prevention of these impairments has also begun [30] .
In this report, we have shown that the Bp-walking Japanese monkey, M. fuscata, is able to accurately judge the dimensions of a recurring obstacle in the travel path and proactively change its posture and leg trajectory to achieve a safe clearance of the threat. When it failed to clear the obstacle, the monkey adopted a defensive 'posture' to avoid falling, just as it occurs in humans [8, 9] . Furthermore, when the monkey fell, the extended left and right forelimbs supported the mass of the body, and the monkey immediately converted (regressed) its walking pattern from a bipedal to a quadrupedal pattern. The results obtained from behavioural, kinematic, PET and reversible cortical inactivation studies have begun to reveal CNS mechanisms involved in the elaboration of Bp walking, including reactive and anticipatory postural and locomotor adjustments. Our new animal model lends itself to multi-system, multi-disciplinary studies. As such, we hope that our future studies will not only advance understanding of CNS mechanisms involved in the prompt correction of perturbed postures and movement, but also help in the development of strategies to prevent falling in the aged population.
Key points
• Long-term operant conditioning enabled the genetically quadrupedal young monkey to walk bipedally on the surface of the moving treadmill belt.
• The monkey accurately judged the dimensions of the obstacle in the travel path and proactively changed its posture and leg trajectory to provide a reasonable safety margin over the obstacle.
• When the animal failed to clear the obstacle, it adopted a defensive 'posture' to avoid falling and restored the preperturbed body configuration.
• The obstacle clearance and restoration strategies in the monkey were similarly observed in daily human walking.
• Our new animal model lends itself to multi-system, multi-disciplinary studies, and thus will not only advance understanding of CNS mechanisms involved in the prompt correction of perturbed postures and movement, but may also help in the development of strategies to prevent falling in the aged population.
